SUMMARY. We studied the effects of Ca ++ antagonists on intact and skinned muscles of rabbit mesenteric artery. Intact muscle contractions were inhibited by 10~6 M diltiazem, whereas greater levels were required to abolish contractions in skinned muscle fibers. In contrast, nisoldipine had no effect on skinned muscle contractions, although it inhibited, almost completely, the contraction of intact muscle at concentrations below 10" 6 M. In the presence of EGTA, norepinephrine-induced contractions result from a release of Ca ++ from an intracellular store. Diltiazem inhibited these contractions at concentrations between 10~6 and 1CT 4 M. Higher doses were required in studies with skinned muscle preparations. Unlike diltiazem, nisoldipine only partially inhibited the Ca ++ -free norepinephrine-induced contractions in the range of 1CT 7 to 10~5 M. From these results, we assumed that at low concentrations (below 10~6 M), diltiazem induced relaxation by blocking Ca ++ influx, whereas at relatively high concentrations (above 10~6 M), an inhibition of Ca ++ release from an intracellular store also occurred. A similar conclusion was reached regarding the mechanism whereby nisoldipine inhibits force developments. (Circ Res 52: 137-142, 1983) 
THE VALUE of Ca
++ antagonists as therapeutic agents is no longer in doubt (Henry, 1980) . According to Fleckenstein (1977) , the action of these agents was attributed to a selective inhibition of the Ca ++ influx into cardiac and smooth muscle cells. A number of 45 Ca flux studies have borne out this conclusion and have shown that Ca ++ antagonists inhibit the activation of Ca ++ channels rather than blocking the Ca ++ permeability at rest (Mayer et al., 1972; Rosenberger et al., 1979; Meisheri et al., 1981; Godfraind and Dieu, 1981) . Walus et al. (1981) also reported that Ca ++ antagonists interfere with the release of Ca ++ from intracellular sites as well as with the influx of Ca ++ in the canine mesenteric artery. Bostrom et al. (1981) and Johnson et al. (1982) suggested that Ca ++ antagonists exert some of their effects by an action on calmodulin. At present, therefore, it remains undecided whether their mode of action depends predominantly on the mechanism invoked by Fleckenstein (1977) .
To obtain more direct evidence for the intracellular mechanism of action of Ca ++ antagonists, we used saponin-treated skinned smooth muscle which shows very sensitive responses to Ca ++ , Mg ++ , and MgATP (Saida and Nonomura, 1978) . Since the saponin method enables us to make a direct comparison between the response of intact and skinned muscles in the same preparation, it is useful for the study of the mechanism of drug action. In the present study, the mechanisms of action of diltiazem and nisoldipine were examined on intact and skinned muscle obtained from the rabbit mesenteric artery.
Methods

Muscle Preparation and Bathing Solution
Strips of mesenteric artery, freshly isolated from adult rabbits, were placed in physiological salt solution (PSS) of the following composition: 140 ITIM NaCl; 5 DIM KG; 1.5 mM CaCb; 1 ITIM MgCb; 10 ITIM glucose; and 10 mM HEPES (brought to pH 7.2 with NaOH) saturated with 100% O 2 at 20°C. Connective tissue and membranous material were removed and then thin bundles of vascular muscle (ca. 50 jum wide and 500 jum long) were prepared under a dissection microscope. The muscle preparations were mounted in an apparatus designed for measurement of isometric tension. The resting tension was adjusted to 0.5 mg. The noise level of this apparatus (Saida and Nonomura, 1978) was approximately 0.01 mg.
After contractile experiments were done on intact muscle, chemically skinned vascular muscle was prepared by saponin treatment (150 /-g/ml saponin, for 20 minutes) in a standard relaxing solution containing 130 mM KG, 20 mM Tris-maleate, 2 mM Mg ++ , 3 mM MgATP, and 2 mM EGTA, pH 6.8, according to a previously described method (Saida and Nonomura, 1978) . In buffered Ca ++ solutions, Ca ++ concentrations were calculated by assuming an apparent binding constant of the Ca-EGTA complex to be 10 6 M" 1 at pH 6.8, 20°C (Saida and Nonomura, 1978) . Sequential applications of activating and relaxing solutions were applied to the muscle strips before and after skinning. These are described in the Results.
It is well known among researchers working on skinned muscle that these preparations are preserved much better at room temperature than at body temperature. Thus, in order to compare directly the responses of intact and skinned arterial smooth muscle in the same preparation, all experi-138 ments were carried out at 20°C. This should not affect the conclusions reached regarding the mechanisms of action of Ca ++ antagonists as indicated by the following preliminary findings. Lowering the temperature from 37°C to 20°C decreased the amplitude of the norepinephrine-induced contraction in PSS by 20%, and in Ca ++ -free PSS containing 2 miu EGTA by 25%. Thus, the relative components of Ca ++ influx and release remained almost unchanged after decreasing temperature. Furthermore, we found no significant differences in the dose-response curves of Ca ++ antagonist inhibition of norepinephrine or high K + -induced contractions carried out at 20°C and 37°C, as follows: the ED™ for diltiazem was 5 X 10" 7 M (20°C) and 5.2 X KT 7 M (37°C) for norepinephrine-induced contractions, and 6.5 X 10~7 M (20°C) and 6 X 10" 7 M (37°C) for high K + -induced contractions: the ED50 for nisoldipine was 8.5 X 10~9 M (20°C) and 8.2 X 10~9 M (37°C) for norepinephrine-induced contractions, and 2 X 10~9 M (20°C) and 1.8 X 10~9 M (37°C) for K + -induced contractions.
Drugs and Chemicals Used
Norepinephrine hydrochloride (Sigma Chemical Co.), saponin (Merk & Co., Inc.), diltiazem (Marion Laboratories), and nisoldipine (Miles Pharmaceuticals). These drugs were dissolved in distilled water, except for nisoldipine which was solubilized in 100% polyethylene glycol (PEG) (Miles Pharmaceuticals) stock solution. The concentration of PEG in the bath did not exceed 1%, a concentration which in itself was without effect on the smooth muscle preparations.
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Results
Effect of Diltiazem on Contraction of Intact and Skinned Vascular Muscles
A thin bundle of rabbit mesenteric artery was bathed in PSS. Addition of 10~5 M norepinephrine, which elicited a maximal response (Haeusler et al., 1981) , produced a sustained contraction in the intact muscle, as shown in Figure 1 (top). In the range of 10~9 to 10~3 M, diltiazem produced a dose-dependent inhibition of norepinephrine-induced contractions ( Fig. 1, bottom) . On the other hand, in high K + solution (80 mix K + -Na + replacement), only a transient contraction occurred (Fig. 4a) . Figure 1 (bottom) shows the effect of diltiazem on the amplitude of 80 mM K + -induced contractions. Diltiazem produced a maximal inhibition of 80 mM K + -induced contractions at 10~5 M, a smaller concentration than required for complete inhibition of norepinephrine-induced contractions.
Following these experiments, the arteries were treated with saponin so that we might study the inhibitory effects of diltiazem on skinned muscles. In the presence of MgATP, the chemically skinned preparations showed Ca ++ -dependent contractions occurring in the micromolar range of Ca ++ (Fig. 2) . Maximal contractile activity was induced by 5 X 10 5 M Ca ++ ; this was as large and as rapid as that induced by 10~5 M norepinephrine in the intact muscle ( Fig. 1 (top) ). Diltiazem (10~5 to 10~3 M) produced a dose-dependent inhibition of the Ca ++ -induced contractions (Fig. 1,  bottom) . As shown in Fig. 1 (top) , the time course of the inhibitory effect of diltiazem in the skinned muscle was relatively slow compared with that in the intact muscle before treatment with saponin.
Effect of Diltiazem on Ca ++ Sensitivity of the Contractile System
The following experiments were carried out in order to determine in what manner diltiazem influences the Ca ++ sensitivity of the contractile system in vascular skinned muscle. In the presence of 2 mM Mg ++ and 3 mM MgATP, the minimum Ca ++ concentration for Ca ++ -induced activity in skinned muscle was 1-2 X 1CT 7 M Ca ++ , whereas at 5 X 10~5 M, a maximal response was produced (Fig. 2) . Figure 2 shows the effect of diltiazem on the pCa tension relationship. 10~6 M diltiazem did not have any marked inhibitory effect on the level of tension generated. Increasing the diltiazem concentration to above 1CT 5 M produced a partial inhibition of Ca ++ -induced contractions. The pCa tension curve was shifted slightly to the right and, in addition, maximal tension was suppressed. These results indicate that diltiazem decreased the 
Ca
++ sensitivity of the vascular contractile system in a noncompetitive manner.
Effect of Nisoldipine on Contraction of Intact and Skinned Muscles
Nisoldipine produced a dose-dependent inhibition of contractions induced by 80 mM K + in the range of 10~9 to 10~6 M. Norepinephrine-induced contractions were somewhat less sensitive to nisoldipine, and only a maximum of 80% inhibition could be attained (Fig.  3 (bottom) ). In the case of skinned arterial smooth muscle, nisoldipine had little or no inhibitory effect 
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on Ca ++ -induced contractions, even at high concentrations (Fig. 3) . Figure 3 (top) shows an example of the time course of the inhibitory effect of nisoldipine in intact and skinned muscles. The time course of the nisoldipine effect was slow, compared with that of diltiazem.
Effects of Diltiazem and Nisoldipine on Intracellular Ca ++ Release by Norepinephrine
To eliminate contractile effects due to Ca ++ influx, the next set of experiments were performed after removal of Ca ++ from PSS to which 2 HIM EGTA was added. After the vascular smooth muscle was bathed in Ca ++ -free PSS with EGTA for 10 minutes, 80 mM K + failed to elicit a contraction (Fig. 4a) . However, following 10~5 M norepinephrine, a small transient contraction occurred (Fig. 4b) . This norepinephrine contraction in Ca ++ -free PSS with 2 mM.tEGTA is termed "NE-EGTA contraction." It is generally accepted that high concentrations of caffeine, such as 25 mM, release most of the intracellularly stored Ca ++ (Endo, 1977) . As shown in Figure 4c , 10~5 M norepinephrine did not show a contractile response after the application of 25 mM caffeine.
Since the amplitude of the NE-EGTA contraction depended on the conditions before the application of norepinephrine, the experimental procedures were defined as follows: (1) the Ca ++ in the storage sites was depleted by 25 mM caffeine; (2) after the removal of caffeine, the vascular muscle was bathed in PSS for 10 minutes; (3) external Ca ++ was removed in Ca ++ -free PSS with 2 mM EGTA for 10 minutes; and (4) 10~5 M norepinephrine was applied in the presence of 2 mM EGTA. Ca ++ antagonists were added 5 minutes before norepinephrine application. As shown in Fig dependent inhibition of the NE-EGTA contractions. Figure 4e shows the effect of diltiazem on the skinned muscle contraction induced by 5 X 10~7 M Ca ++ . This level of Ca ++ was chosen in order to produce a similar amplitude of contraction as the NE-EGTA contraction. Although doses of diltiazem above 10~5 M suppressed the Ca ++ -induced contraction in skinned muscle, the degree of inhibition was small in comparison to inhibition of the NE-EGTA contraction in intact muscle before skinning. Figure 5 also shows the effect of nisoldipine on the NE-EGTA contraction and on skinned muscle contractions in the same preparation under the same procedures as described above. The degree of inhibition of the NE-EGTA contraction by nisoldipine (1CT 6 and 1CT 5 M) was no more than 30%, whereas nisoldipine had little or no effect on the Ca ++ -induced contractions in skinned muscle.
Discussion
In the above-described study, we compared the inhibitory effects of diltiazem and nisoldipine on very thin vascular smooth muscle strips before and after skinning. Previous data from our laboratory have shown that both diltiazem and nisoldipine inhibit stimulated Ca ++ influx in the rabbit aorta (van Loutzenhiser and van Breemen, 1982) . The inhibition of influx correlated very well with inhibition of force development when the smooth muscle was activated by high-K + depolarization. When the aorta was activated by norepinephrine, which-in addition to stimulating Ca ++ influx-also releases an intracellular Ca ++ store, a divergence was noted between inhibition of stimulated Ca ++ influx and inhibition of contraction. Similar results were observed in the rat mesenteric artery (Godfraind and Dieu, 1981) and in the rabbit mesenteric artery (Cauvin et al., 1982) .
There was some indication that higher doses of diltiazem (>10~6 M) also exerted intracellular effects. The object of this study was to investigate possible intracellular effects of Ca ++ antagonists, especially in the light of published reports suggesting hypotheses which present alternatives to Ca ++ influx blockade (see below). Our results show that diltiazem is capable of inhibiting norepinephrine-induced contractions in a Ca ++ -free medium as well as Ca ++ -induced contractions in skinned preparations. However, concentrations of 10~5 M and higher are necessary to elicit these effects. The skinned preparation is the least sensitive to diltiazem, suggesting that the calmodulin inhibitory effect does not play a major role in determining its specific pharmacological action. Thus, the diltiazem dose-response curves of the intact muscle in normal PSS could be explained by inhibition of Ca ++ influx in the case of high-K + depolarization. This would also explain the major reduction in norepinephrine-induced tension; however, the complete blockade at higher diltiazem concentrations appears to be due to inhibition of intracellular Ca ++ release. The data obtained in this study on the effects of high doses of diltiazem on Ca ++ release support those reported previously by Walus et al. (1981) . The diltiazemcalmodulin interaction probably does not play a role, since it is the least sensitive. It is of interest to note that the diltiazem interaction with calmodulin was not one of competition for a Ca ++ -binding site. A similar absence of diltiazem-Ca ++ competition was established for the inhibition of stimulated Ca ++ influx in the rabbit aorta . The general pattern of nisoldipine inhibition was similar to that of diltiazem with, however, some important quantitative differences. Only a partial inhibition of Ca ++ release from intracellular stores could be obtained. Furthermore, nisoldipine fails to have an appreciable effect on the Ca ++ -induced contraction of the skinned arterial smooth muscle preparation. This observation brings into serious doubt the hypothesis that the Ca ++ antagonists inhibit smooth muscle by interaction with calmodulin (Bostrom et al., 1981; Johnson et al., 1982) . Both groups have convincingly demonstrated that certain Ca ++ antagonists do interact with calmodulin. However, in general, the concentrations necessary for this effect by far exceed those sufficient for inhibiting the contractile force of intact smooth muscle. Accordingly, it is not likely that the mechanism of action of Ca ++ antagonists, which is observed only at very high concentrations, is relevant to its specific pharmacological actions. In addition, we found that the order of the inhibitory actions on the Ca ++ -regulated system (skinned muscle) and membrane-regulated preparation (intact muscle) was different for the two drugs examined here. Johnson et al. (1982) further proposed that membrane-bound calmodulin would be involved in gating the channel and could represent the inhibitory site for Ca ++ antagonists. At present, this theory cannot be tested, and must await chemical isolation of gated Ca ++ channels from smooth muscle membranes.
